Photoelectron circular dichroism is investigated experimentally as a function of the number of absorbed circularly polarized photons. Three structurally different chiral molecules yet showing similar absorption spectra are studied. They are isotropically distributed in the gas phase and ionized with femtosecond laser pulses. We measure and analyze the photoelectron angular distribution of threshold electrons ionized with three photons and compare them to those of above-threshold (ATI) electrons ionized with four photons. Additionally to an increase in high even order Legendre polynomials the coefficients of the high odd order Legendre polynomials rise with increasing photon number. Consequently, the ATI electrons also carry the chirality signature. All investigated chiral molecules reveal an individual set of coefficients for the threshold and ATI signatures despite their similarities in chemical structure. The presented data set can serve as a guideline for theoretical modeling of the interaction of circularly polarized light with chiral molecules in the multiphoton regime. The development of quantum physics rests significantly on Albert Einstein's theory of the photoelectric effect [1] . The important role of the photoelectric effect in basic research was underscored by the 1981 Nobelprize in physics awarded to Kai Siegbahn for 'his contribution to the development of high-resolution electron spectroscopy'. Up to now, photoelectron spectroscopy has remained one of the central techniques to unravel new types of light-matter interaction due to its sensitivity both to electronic structure and its dynamics in atoms, molecules, surfaces and solids [2] [3] [4] . An important extension of the original approach was to add angular resolution [5] . With the advent of intense laser pulses the photoelectric effect could be studied in much stronger fields giving rise to multi-photon ionization [6, 7] . In this regime, photoelectron spectroscopy unraveled the mechanism of above-threshold ionization (ATI) [8] , where more photons are absorbed than necessary to overcome the ionization potential. Further ATI investigations range from first studies of high
order even Legendre polynomials in the corresponding photoelectron angular distribution (PAD) of ATI from atoms [9] to the influence of molecular vibrational wave-packet motion onto the ATI electrons in a femtosecond time-resolved experiment [10] . In addition, channel resolved ATI was recently developed to resolve the multiple electronic continuum channels in strong field ionization of polyatomic molecules [11] .
In the last 15 years angle-resolved photoelectron spectroscopy has been increasingly applied to ionization of randomly oriented enantiomers of chiral molecules with circularly polarized light. There, the PAD shows a distinctive asymmetry with respect to the light propagation direction. The asymmetry changes its direction dependent on the handedness of the enantiomer and the helicity of the ionizing light. This circular dichroism (CD) effect in the differential photoionization cross section was theoretically predicted by Ritchie [12] using an electric dipole approximation. Because of this electric dipole nature, the photoelectron circular dichroism (PECD) can be several orders of magnitude larger than conventionally measured CD. Therefore, PECD delivers a promising tool for spectroscopic studies of chiral species in the gas phase and shows high potential for analytical applications. With the help of one-photon vacuum ultraviolet (VUV) synchrotron radiation, PECD was investigated on many small chiral molecules in the detection of angular resolved photoelectron emission [13, 14] . These measurements have later been extended to the application of the velocity-map imaging (VMI) technique [15] . The synchrotron radiation based PECD results have been reviewed by Powis [16] . Recently, a high harmonic laser source was used to deliver VUV light for a one-photon PECD experiment [17] . The implementation of multiphoton ionization schemes in a table-top laser-based PECD experiment was demonstrated using VMI detection [18, 19] and confirmed with coincidence detection [20] . Present developments also covering multiphoton schemes in PECD measurements have been discussed in a perspective article [21] .
When multiphoton ionization with femtosecond pulses is compared to single-photon ionization on randomly oriented chiral molecules, PECD shows contributions from higher order Legendre polynomials [18] [19] [20] . This can be rationalized from general considerations: PADs from the ionization of isotropically distributed molecules with linearly or circularly polarized light can be expanded into the cylindrically symmetric Legendre polynomials P l ( ) Q and corresponding Legendre coefficients c l for a specific ionization channel [2, 22] :
In the cases of left (LCP) or right circularly polarized (RCP) light the Legendre polynomials are cylindrically symmetric around the light propagation direction. Q is the angle measured between this symmetry axis and the ejection direction of the photoelectron. Furthermore, the even Legendre polynomials are symmetric with respect to the origin of the distribution and the light propagation, and the odd polynomials are antisymmetric with that respect. The number of photons (n) in the multiphoton ionization is reflected in the appearing maximum order of the contributing Legendre polynomials. According to Yang's theorem [23] the maximum order should be l n 2 max = (see Dixit and McKoy [24] ).
In one-photon ionization of achiral systems equation (1) reduces to the zeroth and second order Legendre polynomial [2] . Whereas in the case of randomly oriented chiral molecules and circularly polarized single-photon ionization the first odd-order Legendre polynomial (P 1 ) has to be taken into account. Due to parity conservation [25] , the corresponding coefficient c 1 changes its sign upon exchanging the handedness of the circularly polarized light or the enantiomer.
PADs containing high-order odd Legendre polynomials -that alter sign by changing the enantiomer or helicity of light-have been recently observed: taking chemically similar molecules from the family of bicyclic ketones, different modulations and amplitudes of the contributing Legendre polynomials have been reported for camphor, fenchone and norcamphor [19] . These stem from resonance enhanced multiphoton ionization (REMPI), where two photons are used to reach an intermediate and one photon is used to ionize out of this intermediate (2+1 REMPI). So far there is a lack of a consistent theoretical description of PADs from chiral molecules and therefore also for the PECD in the multiphoton case: field induced polarizability of the intermediate has been used to simulate higher-order polynomials in the PECD after one-photon ionization of camphor out of a resonant intermediate [20] . In another approach higher-order polynomials direct from ground-state multiphoton ionization have been calculated for camphor and fenchone making use of a continuum-state corrected strong-field approximation [26] . Besides producing higher order Legendre polynomials, neither the quantitative nor qualitative agreement with experiments was satisfying. A general nonperturbative method for the theoretical investigation of the angle-resolved multiphoton ionization of polyatomic molecules by intense short differently polarized laser pulses has been developed recently and will be applied to investigate PECD in the multiphoton ionization of bicyclic ketones in the future [27] .
In order to provide a further guideline for theoretical development we study PECD as a function of the number of absorbed photons within a consistent dataset. To that end, we performed PECD experiments on camphor, fenchone and norcamphor and retrieved the contributing Legendre polynomials for the threshold photoelectrons, corresponding to the absorption of three photons, and for the first ATI photoelectrons, corresponding to the absorption of four photons.
A detailed description of the experimental set-up, the properties of the investigated molecules together with the corresponding ionization scheme and data evaluation has been reported earlier [19] . In brief, femtosecond laser pulses with a central wavelength of 398 nm and full width at half maximum (FWHM) pulse duration of 25 fs are focused on an effusive gas beam in the interaction region of our VMI spectrometer. To measure the PECD-effect we use an achromatic quarter-wave plate to generate either left (LCP) or right circularly polarized (RCP) light, where we use the optical convention [28] for assignment. For both polarizations the experimentally determined value of the Stokes S 3 parameter [28] is |S3|=99%.
At 7 μJ pulse energy the peak intensity I 0 in the focus is approx. 1 10 Wcm 13 2
-as verified by measured ponderomotive shifts in Xe [19] . At I 0 a Keldysh g parameter larger than five is obtained for the molecules studied here with ionization potentials ranging from 8.6 eV to 9.2 eV. Hence, ionization appears in the multiphoton regime. This was confirmed by reducing the intensity in several steps up to half an order of magnitude below I 0 . For all molecules the threshold signal gave the expected multiphoton exponent of about three (between 2.5 and 3.2, consistent with values reported in [19] ) and the ATI signal of about four (between 3.4 and 4.2). The resulting three-dimensional PADs, i.e. three-dimensional momentum distributions of the released photoelectrons, are Abel-projected onto an imaging assembly. The propagation direction of the laser is perpendicular to the spectrometer axis (x-axis) and coplanar to the detector surface which is parallel to the (y, z)-plane (see figure 1 ). In the measured PAD images I y z , ( ) the k-vector is always along the positive z-axis. The PECD-image y z PECD , ( ) is derived for each enantiomer from the measured PAD-images using LCP and RCP, respectively:
In order to visualize the PECD-effect for photoelectrons stemming from different energy channels and with different signal strength, we define the PECD contrast
The phototelectron energy resolution in the presented measurements is better than 80 meV FWHM at an energy of about 0.5 eV and better than 140 meV at 2 eV. The accuracy for the assignment of the energy value is approx. ±10 meV in a range of 0.5-1.5 eV and about ±50 meV between 2.5 and 3.5 eV.
We studied the PECD in ATI and threshold ionization for the bicyclic ketones camphor, fenchone and norcamphor which are quite similar in mass and structure. All enantiomeric samples possess a constitutional purity of over 98%. The enantiomeric excess (ee) values for (R)-(+)-camphor and (S)-(−)-camphor are >98%. (S)-(+)-fenchone has 99.8% ee and (R)-(−)-fenchone 84.0%. The ee of (S)-(+)-norcamphor is >95%. The ionization of these molecules proceeds from the highest occupied orbital via a 2+1 REMPI. Reported vertical IPs are 8.7 eV for camphor, 8.6 eV for fenchone and 9.17 eV for norcamphor. The ionization scheme has been presented earlier [19, 29] . The measured excess energies show a maximum at 0.52 eV in the case of camphor, at 0.56 eV for fenchone and at 0.23 eV for norcamphor all with a FWHM of approximately 200 meV. This 2+1 REMPI has been confirmed by intensity dependent observations [18, 19] . All results hint to an ionization process, where the PECD is originating from photoelectrons stemming directly from the parent molecules before it fragments [18, 19] . Moreover, no significant ponderomotive shifts in the excess energy as well as changes in the PADs have appeared in those intensity variations [19] . Only a small decrease of the PECD-effect with increasing intensity has been observed. These studies and the observed maxima of the excess energies hint to intermediate states acting as dynamic Freeman resonances [30] .
For the investigated molecules the PECD contrasts (derived using equation (3)) are presented in figure 1 . The different distinctive asymmetries of the known threshold signatures in the photoelectron distributions are clearly visible for camphor, fenchone and norcamphor [18, 19] in the central part of each image. Furthermore, for all enantiomers a second energy channel appears at a larger radius also showing a PECD-effect in the 10% regime. This outer ring is attributed to the first ATI and shows additional structure, most pronounced in the (S)-(+)-norcamphor data: The threshold photoelectrons exhibit significantly non-zero PECD-values along the z-axis, while the ATI-PECD almost vanishes in forward and backward direction. This observation indicates the additional angular momentum added by the fourth photon which additionally pushes away the maxima and minima from the z-axis as clearly visible in the presented Abel-inverted data (see lower-right image of figure 1 and supplementary  information) .
For a further quantification, we concentrate on Abelinverted data. The Abel-inversion was performed on the measured PAD-images using an adapted pBasex algorithm [19, 31] . From Yang's theorem [23] a decomposition of a PAD resulting from ionization via a four-photon process into four even and four odd components is sufficient. Higher order polynomials were included in the analysis, but these did not contain significant amplitudes in the coefficients. As symmetrical contributions in the measured PECD-images are attributed to residual optical imperfections of our set-up, we concentrate mainly on the appearing antisymmetric contributions in the measured and analyzed data, which are described by the odd order coefficients [19] . As an example, the energy calibrated antisymmetric part of the Abel-inverted PECD-image (see equation (2)) from (S)-(+)-norcamphor is displayed in figure 1 third row, right image. Therein, the signal from the ATI signature has a maximum at approx. 3.4 eV (threshold ∼0.23 eV) which energetically corresponds to the additional absorption of one 398 nm photon. The ATIsignature of camphor shows up at a maximum of about 3.7 eV (threshold ∼0.52 eV) and for fenchone at approx. 3.8 eV (threshold ∼0.56 eV), again consistent with the absorption of an additional photon within the accuracy of our spectrometer.
For the quantification of the measured angular distributions the Legendre coefficients within the FWHM of the threshold and the ATI energy channel were extracted. Those are illustrated up to the 8th order in figure 2 and listed in the Supporting Information together with different graphic representations. For each enantiomer and each energy channel these coefficients represent the obtained PAD from ionization with LCP laser pulses at I . 0 The Legendre coefficients are given in per cent of the respective zeroth order coefficient. This enables a comparison of both energy channels with respect to their angular distribution despite the difference in the total signals. In the measured Abel-inverted data the threshold signal is about 30 times higher than the ATI signal (see supporting information).
For all investigated molecules a clear shift to higher orders can be recognized comparing the Legendre coefficients (1)) and the radius r is proportional to the square root of the excess energy. For convenience p z and p y axis are given in SI units and atomic units respectively. For visualization, photoelectron signals at excess energies higher than 1 eV are increased by a factor of 100. c l of threshold to ATI (see figure 2) . High order Legendre coefficients arise up to l n 2 . max = For the enantiomerical pure specimen, high odd order Legendre coefficients emerge for both energy channels and the significant coefficients change their sign on exchanging the enantiomer. In all cases the even order coefficients stay nearly unchanged (see figure 2) . As a check of consistency, the almost racemic mixture of norcamphor shows only very weak amplitudes in the odd order coefficients in comparison to the almost enantiomerical pure (S)-(+)-norcamphor but nearly the same even order coefficients. Furthermore, for each enantiomer a change in sign between consecutive odd order Legendre coefficients can be observed for threshold ionization as well as for ATI. For ATI this change of sign is clearly visible on the even order Legendre polynomials, too.
For a further quantitative comparison of the PECD from the threshold contribution to the ATI contribution, we evaluate the linear PECD (LPECD). The LPECD is determined by taking twice the difference between forward and backward emission of the photoelectrons normalized to the mean intensity per hemisphere [16] . Extended to the present multiphoton case [20, 21] , the LPECD-which is a one dimensional quantification of the PECD effect-can be expressed in terms of the retrieved Legendre coefficients as follows [19] : Table 1 . LPECD of the investigated bicyclic ketones derived according to equation (4) within the FWHM of the threshold ionization (Thresh.) respectively above-threshold ionization (ATI).
(R)-(+)-camphor (S)-(−)-camphor (S)-(+)-fenchone (R)-(−)-fenchone (S)-(+)-norcamphor (rac.)-(+/−)-norcamphor
). Fenchone possesses a LPECD for threshold ionization of about 10% and shows weaker values for ATI, which are around 5%. The LPECD of (S)-(+)-norcamphor is approx. 9% in threshold ionization and increases to 14% in ATI. Consequently, there is no uniform trend of the LPECD between threshold ionization and ATI. Differences in the retrieved coefficients as well as in the derived quantitative values of fenchone correlate with the different ee-values for both chemical samples. An extended study about the sensitivity of the PECD-effect with respect to the enantiomeric excess has been performed and will be published elsewhere.
Our results show a PECD-effect in threshold ionization as well as in ATI. The obtained angular distributions include high order Legendre polynomials which are related to the involved number of photons in the ionization scheme. Additionally to the expected even order Legendre polynomials also significant coefficients of the high odd order Legendre polynomials appear in the PADs from threshold ionization and ATI. A change in sign is observed for alternating even and odd coefficients. The maximum order is about two times the number of photons. Despite their similarities in chemical structure all investigated chiral molecules reveal an individual set of coefficients for the threshold and ATI signatures. The PADs and the retrieved Legendre coefficients reflect the fact that for ATI more angular momentum is absorbed than in threshold ionization. However, one-dimensional quantification via LPECD displays higher absolute values for ATI compared to threshold only in two of the studied samples. All these observations derived from a consistent data set may therefore be well suited as a benchmark for the development of theoretical approaches describing the interaction and ionization of chiral molecules with chiral light beyond the one-photon regime.
We 
